CropSyst (Cropping Systems Simulation) is used as an analytic tool for studying irrigation water management to increase wheat productivity. Therefore, two field experiments were conducted to 1) calibrate CropSyst model for wheat grown under sprinkler and drip irrigation systems, 2) to use the simulation results to analyse the relationship between applied irrigation amount and the resulted yield and 3) to simulate the effect of saving irrigation water on wheat yield. Drip irrigation system in three treatments (100%, 75% and 50% of crop evapotranspiration -ETc) and under sprinkler irrigation system in five treatments (100%, 80%, 60%, 40%, and 20% of ETc) were imposed on these experiments. Results using CropSyst calibration revealed that results of using CropSyst calibration revealed that the model was able to predict wheat grain and biological yield, with high degree of accuracy. Using 100% ETc under drip system resulted in very low water stress index (WSI = 0.008), whereas using 100% ETc sprinkler system resulted in WSI = 0.1, which proved that application of 100% ETc enough to ensure high yield. The rest of deficit irrigation treatments resulted in high yield losses. Simulation of application of 90% ETc not only reduced yield losses to either irrigation system, but also increased land and water productivity. Thus, it can be recommended to apply irrigation water to wheat equal to 90% ETc to save on the applied water and increase water productivity.
INTRODUCTION
Agriculture is central of food security and economic growth in developing countries. However, food production requires substantial amounts of water. Agriculture water demand is one of the serious pressures on water sector in Egypt, since 85% of total available water is consumed in agriculture and coupled with poor irrigation management. Water scarcity is a problem facing Egypt these days. Therefore, irrigation water should be adequately applied to crops to avoid water waste. Hence, the efficiency of water use in agriculture needs to increase in a sustainable manner, i.e. food production (quantitatively and qualitatively) per unit of water used has to be raised [OWEIS, HA-CHUM 2003] .
Another option to increase water productivity is deficit irrigation. Deficit irrigation is an optimizing strategy under which crops are deliberately allowed to sustain some degree of water deficit and yield reduc-tion [ENGLISH et al. 1990] . Application of water to assure less than total water requirements for a crop could increase water productivity and conserve water for irrigating new lands. The adoption of deficit irrigation implies appropriate knowledge of crop water use and responses to water deficits, including the identification of critical crop growth periods and of the economic impacts of yield-reduction strategies [OWEIS, HACHUM 2003] . Although an appreciable step towards more rational use of water was presented, adopting deficit irrigation principles implies the acceptance of a certain level of reduction in yield level [HAMDY et al. 2005] . As long as that certain level of yield reduction is low, there is a large possibility that farmers will adopt it.
Wheat is a very important crop in Egypt, where its production is not enough to meet the demand on it. The crop is more sensitive to the timing of a water deficit period rather than the total reduction of applied irrigation water. Exposing wheat plants to high moisture stress depressed seasonal consumptive use and grain yield [BUKHAT 2005] . During vegetative growth, phyllochron decreases in wheat under water stress [MCMASTER 1997 ] and leaves become smaller, which could reduce leaf area index [GUPTA et al. 2001] and number of reproductive tillers, in addition to limit their contribution to grain yield [DENCIC et al. 2000] . Furthermore, Wheat is very sensitive to high temperature [SLAFER, SATORRE 2000] . The amount of wheat yield reduction as a result of water stress is affected by the stage of grain development, where early grain development stage is more vulnerable to water stress than latter grain development stage [EL-KHOLY et al. 2005] . Therefore, modeling can assist in determining when to reduce the amount of applied irrigation water to wheat plants and what is the expected yield losses would be.
Crop simulation models are the dynamic simulation of crop growth by numerical integration of constituent processes with the aid of computers [MAT-THEWS et al. 2000] . CropSyst (Cropping Systems Simulation) is a process based simulation model uses dynamic simulation of crop growth to by numerical integration of constituent processes with the aid of computers . The model is characterized by simplifications in describing some processes (e.g. monolayer canopy, constant specific leaf area, absence of daily assimilates partitioning). This makes CropSyst easier to be calibrated and a reduced set of crop parameters is needed. These aspects make CropSyst a useful tool for large-scale simulations and it can be considered a managementoriented model [CONFALONIERI, BECHINI 2004] . In Egypt, the model was validated for wheat grown in sandy soil [IBRAHIM et al. 2012; OUDA et al. 2010] . The model was calibrated for wheat grown in three soil conditions clay, sandy and salt affected soils . The model was applied for wheat grown in salt affected soil .
Therefore, the objectives of this study were (i) to calibrate CropSyst model for wheat grown under sprinkler and drip irrigation systems; (ii) to use the simulation results to analyze the relationship between applied irrigation amount and the resulted yield; (iii) and to simulate the effect of saving irrigation water on wheat yield.
MATERIALS AND METHODS
Two field experiments were conducted during the season 2012/2013 at the experimental farm of the National Research Centre, Nubaria region, Egypt, representing the newly reclaimed sandy soils (30°52'00"N 31°10'00"E). The experimental area has an arid climate with cool winters and hot dry summers. Table 1 summarizes the mean climatic data for the experimental site in Nubaria. Some physical and chemical properties of the experimental soil are shown in Table 2 and 3. Irrigation water was obtained from an irrigation channel passing through the experimental area. Some characteristics of the irrigation water used are shown on Table 4 . The experimental field was deep ploughed before planting. First disc harrow, then duck food was used for further preparation of the field for planting. A combined driller that facilitated concurrent application of fertilizer and seeds was used. In order to achieve the objectives of this study, two irrigation methods were investigated i.e., sprinkler irrigation method (solid-set sprinkler) and drip irrigation (surface drip irrigation). The technical specifications of each irrigation network could be summarized as follows: The solid-set sprinkler irrigation system consisted of the following components: a pump unit (capacity 50 m ) and control head unit; main, sub-mains and laterals tubes (inside diameters are 150, 110, 63 mm, respectively; sprinkles line length 18 m, distance between sprinklers 6 m; couplers; sprinkler discharge at operating pressure 3.5 bar is 1.4 m 3 ·h -1 ; and other accessories such as valves, bends, plugs and risers. The surface drip irrigation system consisted of the following components: a pump unit (capacity 50 m 3 ·h -1
) and control head unit; main, submains and laterals tubes (inside diameters are 150, 110, 63 mm, respectively; manifold lines (inside diameter 2.54 mm); lateral lines (inside diameter 16 mm); GR drippers (built-in and discharge), lateral lines lengths 15 m; operating pressure 1.5 bar; dripper discharge (4.0 lph); 50 drippers are per each lateral line and the distances between lateral lines is 20 cm; and other accessories such as valves, bends, plugs and risers. The control of pressure and adjusting it by the first valve and pressure gauges at the control head unit, and the time of irrigation by stop watch according to irrigation water requirements, soil and crop type which calculated from specific equations.
The experimental design was complete randomized block with three replicates. Wheat was planted in 2012/2013 under drip irrigation in three treatments (100%, 75% and 50% of ETc) and under sprinkler irrigation in five treatments (100%, 80%, 60%, 40%, and 20% of crop evapotranspiration; ETc).
A wheat cultivar 'Sakha 93' was planted on 23 November 2012, and harvest was done on 17 April 2013. The driller setting was such that it applied 167 kg of seed per hectare. All plots received the same amount of fertilizer. The recommended fertilizers were applied as follow: 285 kg N·ha -1 as ammonium nitrate, ten percent applied to the soil before planting and the remainder was six equal doses applied to the soil before each irrigation and until before heading stage, 70 kg P 2 O 5 ·ha -1 as single superphosphate applied to the soil in two equal doses before planting and at tillering stage, and 115 kg K 2 O·ha -1 as potassium sulphate applied once after 30 days after sowing. All other cultural practices for wheat crop were carried out according to those recommended by the Ministry of Agriculture and Land Reclamation, Egypt.
Leaf area index was measured at three crop growth stages. The dates of these stages were recorded and growing degree days required to the establishment of each growth stage was calculated. Wheat grain and biological yields were measured at harvest and harvest index was calculated. All these measurements needed to calibrate CropSyst model.
For determination of the crop water requirements CWR, crop evapotranspiration ETc was calculated under standard conditions as follows:
where: ETc = crop evapotranspiration, mm·day -1 ; ETo = reference crop evapotranspiration, mm·day and Agriculture Organization of the United Nations (FAO) Penman-Monteith method is now recommended as the sole standard method for calculating ETo. The Penman-Monteith equation is given by the following equation [ALLEN et al. 1998 ].
Amount of irrigation water was calculated according to the following equation for the sprinkler irrigation systems:
where: AW = applied irrigation water depth, mm·day -1 ; Ea = application efficiency equals 75% for sprinkler irrigation system and 90% for drip irrigation system; LR = leaching requirements equals 10% for sprinkler irrigation system and 90% for drip irrigation system.
The seasonal irrigation water applied (m 3 ·ha -1 ) for both sprinkler and drip irrigation systems are shown in Table 5 . The CropSyst (Cropping Systems Simulation Model) objective is to serve as an analytical tool to study the effect of cropping systems management on crop productivity and the environment. For this purpose, CropSyst simulates the soil water budget, soilplant nitrogen budget, crop phenology, crop canopy and root growth, biomass production, crop yield, residue production and decomposition, soil erosion by water and pesticide fate. These are affected by weather, soil characteristics, crop characteristics, and cropping system management options including crop rotation, variety selection, irrigation, nitrogen fertilization, pesticide applications, soil and irrigation water salinity, tillage operations, and residue management. The water budget in the model includes rainfall, irrigation, runoff, interception, water infiltration and redistribution in the soil profile, crop transpiration, and evaporation. The nitrogen budget in CropSyst includes nitrogen application, nitrogen transport, nitrogen transformations, ammonium absorption and crop nitrogen uptake. The calculation of daily crop growth, expressed as biomass increase per unit area, is based on a minimum of four limiting factors, namely light, temperature, water, and nitrogen. PALA et al. [1996] suggested that minor adjustments of some of these parameters, accounting to cultivar-specific differences, are desirable whenever suitable experimental information is available. Details on the technical aspects and use of the CropSyst model have been reported elsewhere STOCKLE, NELSON 1994] .
The model was calibrated using the data obtained from the three experiments. Input files required by CropSyst model for wheat crop were prepared and used to run the model. One management file was prepared represent each irrigation treatment. The date of each phenological stage was used to calculate growing degree days for that stage. Total biomass and grain yield were used for model calibration. The values of the crop input parameters were either taken from the CropSyst manual [STOCKLE, NELSON 1994] or set to the values observed in the experiments. The calibration consisted of slight adjustments of wheat input parameters to reflect reasonable simulations. These adjustments were around values that were either typical for the crop species or known from previous experiences with the model. These parameters were: aboveground biomass-transpiration coefficient (kPa·kg·m -3 ) and light to aboveground biomass conversion (g·MJ -1 ). The relationship between applied irrigation amount and the resulted wheat yield was analyzed by graphing above ground biomass, as well as water stress index to obtain insights on when water stress occurred.
The effect of saving 10% of the applied irrigation water on wheat yield was simulated under both irrigation systems. Applied of 10% of irrigation water in each single irrigation was deducted for each treatment. New irrigations files were developed and used to run CropSyst model.
Land and water productivity were calculated to assess the effect of using deficit irrigation treatments. Land productivity (LP, ) is estimated as the amount of economic yield produced from a unit of land [NYAMAI et al. 2012] . It could be quantified by the following equation: LP = wheat yield (kg·ha -1 )/10 000 (3)
Crop water productivity WP (kg·m -3 ) is a quantitative term used to define the relationship between crop produced and the amount of water involved in crop production. It is a useful indicator for quantifying the impact of irrigation scheduling decisions, with regard to water management [FAO 2003 ]. WP = wheat yield (kg·ha -1 )/applied water (m 3 ha -1 ) (4)
RESULTS AND DISCUSSION
Application of less than 100% ETc reduced wheat grain and biological yield with different percentage under both drip and sprinkler systems (Tab. 6). Under drip irrigation wheat grain yield was reduced by 20 and 45% under application of 75 and 50% ETc. However, the losses in biological yield was lower, i.e. 16
and 30%. Similar trend was observed under sprinkler irrigation, where reduction in biological yield was higher than reduction in grain yield, except for application of 80% ETc, where reduction in both grain and biological yield was similar, i.e. 18%. This result implied that 20% reduction in the applied irrigation water, the reduction in both grain and biological yield could be similar (Tab. 6). These results suggested that high wheat yield losses could occurred in sandy soil under sprinkler irrigation if 20% or more of the applied irrigation water was deducted. There were good agreements between measured and predicted grain and biological wheat yield (Tab. 7). Percentage of difference between measured and predicted yield was low. RMSE values was 0.03 and 0.14 t·ha -1 for grain and biological yield, respectively. The value of d was 0.97 in both growing seasons. Similar results were obtained by OUDA et al. [2010] , IBRAHIM et al. [2012] and OUDA et al. [2013] where the value of RMSE was low and the value of d was high. The accumulation of above ground biomass under drip irrigation was higher, compared with it under sprinkler irrigation (Fig. 1) . Results in Fig. 2 indicated that low water stress prevailed under sprinkler irrigation in the beginning of vegetative growth. The highest water stress index WSI value was 0.1. However, under drip irrigation, WSI was very low, i.e. 0.008, which implied that the applied irrigation amounts was enough to ensure highest yield.
The rate of above ground biomass accumulation was the highest under application of 100% ETc while the lowest under application of 50% ETc (Fig. 3) . Water stress existed during flowering stage under application of 75% ETc as a result wheat yield was reduced by 45% (Tab. 4). The value of WSI was the highest under the application of 50% ETc, where water stress prevailed during flowering stage and most grain filling stage (Fig. 4) . Water stress prevailed during vegetative growth caused reduction in phyllochron decreases in wheat under water stress [MCMASTER 1997 ] and leaves become smaller, which could reduce leaf area index [GUPTA et al. 2001] . Thus, assimilates can be reduced and its partitioning to plant parts also reduced and that negatively affected the final yield. Furthermore, water stress prevailed in reproductive stage under application of 50% ETc doubled damage as a result low productive tillers and cause negative effect of water stress on grain development [EL-KHOLY et al. 2005] .
Under sprinkler irrigation, above ground biomass were obviously reduced as a result of reducing applied water to 80 and 60% ETc during vegetative and reproductive growth (Fig. 5) . Furthermore, similar reduction in accumulated above ground biomass was noticed under application of 40 and 20%, although reduction of in the accumulated above ground biomass was observed in reproductive growth when 40% ETc was applied. Furthermore, the reduction in the accumulated above ground biomass during vegetative growth under 60, 40 and 20% ETc were close to each other, which implies that the water stress in the vegetative growth under these three treatments was maximum. However, differences in the accumulated above ground biomass during reproductive growth were highly shown, where application of 20% ETc greatly reduced reproductive growth (Fig. 5) , as a result of high water stress existed this phase, i.e. WSI was 0.8 (Fig. 6) . As a result of high yield losses under deficit irrigation, the effect of application of 90% of full irrigation on wheat grain yield was tested. Results in Table  8 indicated that wheat grain yield could be reduced by 3 and 4% under drip and sprinkler irrigation, respectively. These low percentages of yield losses can be tolerated by farmers and easy to adopt to save irrigation water. These saved amounts can be used to irrigate more land to produce wheat and compensate for these low losses. Figure 7 indicated that accumulated above ground biomass were lower under sprinkler system using 90% of full irrigation. These applied amounts caused low water stress during vegetative growth (Fig. 8) and no water stress during grain filling period under both irrigation systems.
Regarding to land productivity LP, it was reduced as the amount of applied water was reduced. Furthermore, LP was higher under drip irrigation, compared to sprinkler irrigation (Tab. 9). This can be attributed to higher yield was produced under drip system, compared to sprinkler system. However, 10% saving in the applied water under either drip or sprinkler system reduce LP by low values, compared to the other deficit treatments. With respect to water productivity WP, reduction in the applied water increased it until 25 and 20% of the applied water to drip and sprinkler systems, respectively was deducted. If more water was deducted under either system, WP was reduced. Moreover, the highest WP was obtained when 90% ETc was applied under either system (Tab. 9). OUDA et al. [2010] obtained similar value for WP to what was obtained in Table 9 equal to 1.35 kg·m -3 . Furthermore, IBRAHIM et al. [2012] obtained WP value equal to 1.37 kg·m -3 .
CONCLUSIONS
CropSyst (Croping Systems Simulation) model predictions of wheat grain and biological yield were close to the measured values. The model was able to simulate daily water stress throughout growing season. Application of 90% ETc not only reduced yield losses to either irrigation system, but also increased water productivity. Land productivity was reduced under all deficit irrigation treatments, but with low value. It could be recommended to apply irrigation water to wheat equal to 90% ETc to save on the applied water and increase water productivity.
